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A modular gadolinium-tagged contrast agent for magnetic resonance imaging has been characterized by mass 
spectrometry. The synthetic construct .exhibits a molecular weight of about 8 kDa and is composed of three 
modules, (i) a diethylene triamine pentaacetic acid (DTPA) module for complexation of Gd 3 *, (ii) a peptide 
nucleic acid (PNA) sequence for hybridisation with a complementary nucleic acid sequence, and (in) a peptide 
transmembrane transport module. Elcctrospray mass spectrometry (nanoESI-MS) was used for determination of 
the molecular weight of the intact functional peptide and of a synthetic intermediate. In general, signals were 
observed for both the Gd-complexed and uncomplexed forms. For measurement of the Gd saturation size- 
exclusion chromatography (SEC) was coupled on-line to high-resolution inductively coupled plasma mass 
spectrometry (ICP-MS) and 32 S, M S and 1 "Gd were simultaneously monitored. The monitoring of sulfur as a 
marker element for the organic part of the molecule is possible due to the presence of a disulfide bridge and a 
methionine residue. The molar Gd/S ratio provides a measure of the Gd saturation, which was found to be in 
the range of 55% to 85% in the samples investigated. Moreover, a small amount of iron tightly complexed to the 
contrast agent constructs was detected and was probably taken up during synthesis or purification. Thus, the 
combined application of SEOICP-MS and nanoESI-MS delivers the complementary element and molecular 
information required for a reliable characterization of metal-tagged contrast agents of complex, modular design. 



Introduction 

The traditional focus of inductively coupled plasma ionisation 
mass spectrometry (ICP-MS) 1 ' 2 is quantitative trace analysis 
and speciation of metals. 3 " 4 In metal spedation studies, a 
separation method is usually hyphenated to ICP-MS for the 
selective detection of a series of compounds which contain 
the metal of interest but have different molecular structures. 
Metals and metalloids can be linked to organic compounds via 
covalent bonds, ionic interactions or some inter m e di ate form of 
binding. Thus, these compounds or complexes can exhibit a 
wide range of stabilities, which makes their molecular analysis 
a challenging task. Currently, the analysis of (semQmetals 
coordinated to biomolecules, in particular to peptides and pro- 
teins, 5 "* attracts increasing attention due to the physiological 
relevance of bioinorganic complexes. The molecular charac- 
terization of organic (macro)molecules and of intact bio- 
inorganic complexes has considerably improved since the 
emergence of soft ionisation techniques such as electrospray 
ionisation (ESI) and matrix-assisted laser desorpuon/iomsation. 
The combined use of ESI- and ICP-MS in conjunction with 
liquid chromatography or capillary electrophoresis has been 
successfully demonstrated for the analysis of organo-metalloid 
compounds containing selenium 9 or arsenic. 10 
Improvements in ICP-MS have extended its applicability for the 
3 detection of non-metallic elements and enabled the characteriza- 
£ tion of Homolccules by dVtecikn of phosphorus^ 
2 halogens. 16,17 Via these rlrment? small biomolecules and bio- 
I polymers, such as phospholipids, 1718 (phospho)p^oteins, l, * ,5 • ,9 

5 — ; — 

p> f Presented at the 4th International Conference on High Resolution 
8 Sector Field ICP-MS. Venice, Italy, October 15 17, 2003. 



and nucleotides 20 become amenable to ICP-MS analysis. For 
detection of nonmetal elements that are important in the biosphere, 
the sensitivity of ICP-MS is not as spectacular as that observed for 
mctak However, the sensitivity achieved still qualifies ICP-MS as 
an attractive tool for the biological sciences, especially when it is 
combined with molecular MS techniques such as ESL 21,22 

In current bio-applications ICP-MS is often hyphenated to 
miniaturized separation techniques such as capillary Uqujd 
chromatography (LC) or capillary electrophoresis (CE). ' 
On-line coupling to a separation technique increases the 
tolerance for background, which in biological applications is 
often of substantial intensity. Moreover, the use of gentle 
separation techniques, in particular size-exclusion chromato- 
graphy (SEC) and CE, can preserve the intact, noncovalently 
linked nietaJ/biomofccule complexes occurring in metallothio- 
ncins 5 - 24 and metalloproteins.^- 26 A further benefit is achieved 
when more than one element is monitored since element ratios 
may provide stoichiometric information for individual analytes, 
as has been demonstrated for zinc/iron, 26 phosphorus/ 
sulfur, 19,27 and metal/sulfur 25 ' 28 in peptides and proteins. 

In this report the characterization of a modular gadolinium- 
containing contrast agent for magnetic resonance imaging is 
described SEC-ICP-MS was employed for the analysis of the 
stoichiometric ratio between the complexed metal and the bio- 
polymer ligand via simultaneous determination of Gd and S, 
and the intact complex was characterized by nanoESI-MS. 

Materials and methods 

Synthetic procedures 

Synthesis of a Mnyc-spedfic DTPA-PNA complex. The syn- 
thesis of the c-myospccific peptide nucleic acid (PNA) sequence 
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(ATGCCCCTCAACGTTAGCIT) was performed with a 
peptide synthesizer model 431 A (Applied Biosystems, Foster 
City, CA, USA) on a 0. 10 mmol scale using PNA methodology. 
This sequence of 20 peptide nucleic acids was incorporated 
into a DTPA-PNA construct with the following structure: 
DTPA-Lys-Lys-PNA-Cys-NH 2 . 

Synthesis of a membrane transport peptide. The peptide 
was synthesized with a fully automated synthesizer Syro II 
(MuhiSynTech, Witten, Germany) using standard Fmoc 
chemistry. 29 The transmembrane peptide Thr-Gm-Val-Lys- 
Ile-Trp-Pbe^lo-Asn-A^ 

was prepared on a Rink Amide-Novagel HL resin (Novabio- 
chem, Bad Soden, Germany), and the following groups were 
chosen for protecting stdechain functionalities: f-butyloxy- 
carbonyl for lysine and tryptophan; f-butyl for threonine; 
2,2,4, 6, 7-pcntamcihyldihydro benzofuranc-5-sulfoxyi for argi- 
nine; and triphenylmethyl for giutamine, asparagine and cysteine. 

Coupling of the PNA to the peptide module. The membrane 
transport peptide and the DTPA-PNA module were oxida- 
tivdy coupled at a concentration of 2 mg ml' 1 in a 20% 
DMSO 80% water solution, resulting in the formation of the 
mixed disulfide DTPA-PNA-S-S-pepude. The oxidation was 
monitored by analytical C n reversed-phasc HPLC and was 
found to be nearly complete' after 5 h. 

Gd 3 * [DTPAJ-complex formation. Gadolinium complexation 
was performed as the last step by incubation of the corres- 
ponding construct with a roughly two-fold molar excess of 
GdClj (Sigma- Aldrich, Deisenhofen, Germany) in aqueous 
Nad (0.9%) for 12 h. 

Purification procedures. All products were precipitated in 
ether and purified using an LC-8A preparative HPLC system 
(Shimadzu, Kyoto, Japan) and an ODS-A 7A reversed-phase 
column (S-7 urn, 20 x 250 mm) (YMC, Schermbeck, Germany), 
using 0.1% aqueous TFA (A) and 60:40:0.1 (wv/v) acetonitrile/ 
watenTFA (B) as eluents. Peptides were eluted with a linear 
gradient, increasing from 25% B to 60% B in 49 min at a flow 
rate of 10 ml min -1 . The fractions containing the purified 
conjugate were lyophilised Intermediate products as well as the 
final modular construct were characterized with an LC-10 
analytical HPLC (Shimadzu Kyoto, Japan) using a Pack Pro 
Cib reversed phase column type (S-5 urn, 120 A, 150 x 4.6 mm 
id) (YMC, Schermbeck, Germany) with 0.1% aqueous TFA 
(A) and 8<fc20:0.1 (v/v/v) acetonitrile/watcrnTA (B) as eluents. 
The duent gradient ranged from 5% to 80% B in 35 min. 

Analytical methods 

NanoESI mass spectrometry. NanoESI mass spectra were 
recorded using a hybrid Q-TOF mass spectrometer (Q-TOF 2, 
Micromass, Manchester, UK). Spray capillaries were manu- 
factured in-house using a P-87 micro pipette puller (Sutter 
Instruments, Novato, CA, USA) and coated with a semitrans- 
parent film of gold in an SCD 005 sputter coater (BAL-TEC 
AG, Baizers, Liechtenstein). Samples were desalted using 
ZipTip micropipet te tips packed with Qg reversed-phase 
material (Millipore, Billerica, MA, USA) and eluted with 
50% acetonitrile/1% formic acid for nanoESI-MS measure- 
ments. The mass accuracy for molecular weight determinations 
in the range 5 to lOkDa wasfoundto be ±100ppm(±3 SDs) 
with external calibration using 10 mM aqueous phosphoric 
acid. 

Size-exclusion chromatography. For HPLC a dual-syringe 
solvent delivery system (type 140 B Applied Biosystems, Foster 
City, CA, USA) was used. Samples were injected using a 5 ul 
stainless sted sample loop. Size-exclusion LC analysis was 



performed on a TSKgel Super SW3000 gel filtration column 
(4.6 mm id x 300 mm, 4 um particle size, separation range 
5-150 kDa) protected by a 3.5 cm TSKgel SuperSW guard 
column (4.6 mm id x 35 mm), both columns from Tosah 
Bioscience, Stuttgart, Germany. The duent was 1 70 mM aqueous 
sodium acetate/acetic add (pH 4.75) at a flow rate of 150 ul min" 1 . 
The separation range of the column is 5-150 kDa. 

1 CP-mass spectrometry. ICP mass spectra were recorded on 
a sector-field mass spectrometer (Element 2, Thermo Finnigan, 
Bremen, Germany) at medium resolution (4000). The ICP 
mass spectrometer was tuned and calibrated by infusion of a 
5 ng ml - ' multielement standard solution (Merck, Darmstadt, 
Germany) via a syringe pump (type 01760, Harvard Apparatus, 
Holliston, MA, USA), resulting in the following instrumental 
settings: cool gas flow 15.5 1 min" 1 , sample and auxiliary gas 
flow 1.1-1.2 1 min" 1 , rf power 1210 W. A low-volume spray 
chamber equipped with a microflpw nebulizer (type PFA 100, 
Elemental Scientific, Omaha, NE, USA) was used as LC- 1 CP- 
MS interface. The outlet capillary of the LC was connected 
directly to the nebulizer. I CP-MS sensitivity factors for Gd and 
S were determined by direct infusion via a syringe pump of 
aqueous standards prepared from GdCl 3 -6 H 2 0 and Na^SO* at 
a molar ratio of 1:10 using the same solvent and flow rate as 
I for SEC-ICP-MS analysis. 



Results and discussion 

Structure of the synthetic contrast agent 

Gadolinium complexed by a chelator, such as DTPA, is widely 
used as a paramagnetic contrast agent for MRI. 30 However, 
its current clinical application is confined to imaging of the 
vascular and interstitial space, since the complexes generally 
cannot cross cellular membranes. Transmembrane transport of 
a diagnostic or therapeutic probe, such as antisense PNA, has 
been demonstrated for PNAs linked to a somatostatin analog 3 1 
or to a general membrane transport module. With the latter 
approach, MRI contrast enhancement can be extended to 
intracellular compartments, 32-34 For imaging of the cytosolic 
compartment a modular contrast agent was synthesized, 
comprising (i) a DTPA metal chelator, (u) a 22 mer antisense 
(anti-myc) PNA, and (iii) a 16 mer transport peptide. A Lys- 
Lys bridge was used to link the DTPA and PNA modules via 
amide bonds, whereas the transport peptide and the PNA were 
connected by formation of a Cys-Cys disulfide bridge, as 
displayed schematically in Fig. 1. 

The transport peptide unit acts as a non-ceU-specific cyto- 
plasmic import module 35 ' 36 resulting in internalization of 
the intact construct The PNA part may hybridise intra- 
cellulariy with complementary oligonucleotide sequences. 
This process is supported by gradual release of the transport 
peptide unit by cleavage of the Cvs-Cys disulfide bridge in the 
reductive cytosolic environment. The synthesis and charac- 
terization of such metal-containing modular contrast agents 
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fig. 1 Modular assembly of a synthetic paramagnetic contrast agent 
designed for magnetic resonance imaging (MRI) studies of gene 
expression. The peptide module operates as a transmembrane 
transporter, the PNA module hybridises to a region with complemen- 
tary DNA, and the DTPA/Cd module provides Tpweighted contrast 
_u 1 of the intracellular J H MRI signal. 



withMW a 5-10 ScDa arc demanding tasks. In the following 
the characterization of the Gd- tagged contrast agent (see 
Fig. 1) and of a synthetic intermediate by molecular (ESI) and 
element (ICP) mass spectrometry is described. 

Molecular analysis of the contrast agent by NanoESI-MS 

The characterization of the modular probe as displayed in 
Fig. 1 involves molecular weight determination and quantita- 
tive analysis of Gd saturation. NanoESI-MS is ideally suited 
for molecular weight determinations due to the very soft ionisa- 
tion employed, the low sample consumption and the good mass 
accuracy when a high resolution mass analyser is used (see 
Experimental section). Molecular weight measurements are best 
accomplished after each step of the synthetic procedure. Fig. 2 
shows the nanoESI mass spectrum of the GoVloaded synthetic 
intermediate [DTPA>Lys»Lys-[P>^)-Cys-anudc. 

The mass spectrum in Fig. 2 indicated the presence of 
two compounds with average molecular weights of 6084.6 Da 
and 6237.6 Da. These masses are within 0.6 Da (- 100 ppm) 
of the values calculated for the elemental compositions 
corresponding to the synthesized product and its Gd complex 
(C w H, I8 N llj$ 07 5 S,) and ((W^sN^CsSiGd), respec- 
tively. Investigation of the shape of the two molecular ion 
signals provided additional support for the presence of Gd in 
the DTPA-PNA construct, as shown in Fig. 3. 

The width or extent of the isotope pattern ft>T the M + Gd 
complex (Fig. 3, top) is larger than that observed for the 
corresponding Gd-free product M (Fig. 3, bottom). The exten- 
sion of the isotope pattern when Gd is present is due to the fact 
that Gd has five main isotopes with similar abundance plus two 
isotopes of minor abundance. Thus, the isotope pattern for Gd 
is superimposed on the isotope pattern of the host molecule 
(the sum of the patterns for C, H, N, O, and S). The 
monoisotopic peak for the M + Gd complex in Fig. 3 cannot 
be unambiguously assigned due to the low abundance (0.2%) of 
,52 Gd. In contrast, the monoisotopic peak for the Gd-free 
product can be readily assigned The good agreement between 
the theoretical isotopic distributions (centroid pattern in Fig. 3) 
and the experimental isotopic patterns supports the assign- 
ments made. This analysis was further validated by determina- 
tion of the isotope pattern envelopes of the M and M + Gd ion 
signals at half maximum (fwhm) for the charge states 4+, 5+, 
and 6+. The results were then converted to values correspond- 
ing to the singly charged molecule and compared with the 
theoretical values (Table 1). 
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Fig. 2 Survey nanoESI mass spectrum of the gadolinium-loaded 
synthetic intermediate pTPA^Lys-Lys^PKAKys-amdc of the con- 
trast agent displayed in Fig. 1. A series of multiply charged molecular 
ions for Gd-free and Gd-complexed forms is observed. 
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Fig. 3 Expanded display of the two molecular ion signals with charge 
state +6 in the nanoESI spectrum in Fig. 2. Upper trace: [M + 3H + 
Gdf* signal; lower trace: [M + 6H] 6+ signal. The two mil scales are 
aligned at the position of ibe monoisotopic signal. The underlying 
centroid pattern represents in each case the calculated natural isotope 
patterns. 

The experimental isotope pattern width cal r ula r nrl for the 
M + Gd pattern exceeds that for the M pattern by 2.4 Da, 
which is close to the theoretical difference of +1.9 Da, Thus, 
the data in Table 1 are consistent with the theoretical values 
and provide additional, albeit indirect, evidence for the 
presence of the desired M + Gd complex. 

Another important parameter for characterization of the 
contrast agent is the percent Gd saturation calculated from the 
ratio M + GdVtotal M, which determines the amount of Gd 
that can be delivered into the cells. At first, one might expect 

Tank 1 Width of the isotope envelopes for the nanoESI molecular 
ion signals of the DTPA-PNA construct in free (M) and Od-complexed 
(M + Gd) form. The experimental data derived from the 4+, 5+, and 
6+ charge states were transformed into peak widths corresponding to 
the singly charged molecular ions 
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that an ESI spectrum as in Fig. 2 could be used to calculate the 
Gd saturation since the M + Gd species do not decompose in 
the solution used for ESI analysis nor during the eiectrospray 
ionisation process itself (data not shown). However, there are 
reasons to doubt that an ESI spectrum can give unbiased values 
for Gd saturation. It has been documented that the ESI 
response is concentration-dependent and sensitive to minor 
structural changes in the analytes, including complex forma- 
tion. IW7,w Partitioning during droplet formation and solvent 
evaporation is widely accepted as a possible explanation. 
Although these effects are minimized for nanoESI compared 
to conventional ESI 39 * 40 due to the low flow rate of about 
20 nl rain' 1 , the responses for the metal-compfexed and the 
non-complexed forms of the constructs cannot be presumed 
to be identical. This caveat is further substantiated by the 
observation that M/M + Gd ion pairs with different charge 
states usually exhibit nonidentical intensity ratios. For these 
reasons I CP-MS was selected as the more suitable analytical 
method for quantitative determination of the Gd saturation. 

Gd saturation of the contrast agent analysed by SEOICP-MS 

The final construct as displayed in Fig. 1 contains three sulfur 
atoms (two in the disulfide bridge and one in the methionine 
residue of the transport module) and one Gd atom. The 
presence of a known amount of sulfur in the compounds of 
interest provides the basis for the quantitative determination of 
Gd saturation through measurement of the molar Gd/S ratio 
by I CP-MS. An additional analytical condition which has to be 
met is to separately detect complexed and free Gd 3 * since both 
forms may be present in a sample of the contrast agent Free 
Gd 3 * may originate, for example, from incubation of the 
construct with excess Gd 3 *, as necessary for formation of the 
end product, or it may originate from partial decomposition of 
the intact complex during storage. Therefore, LC-I CP-MS was 
selected to achieve this separation. The standard reversed- 
phase gradient system for LC-MS of peptides resulted in good 
separation between free and complexed Gd but induced 
substantial decomposition of the Gd-DTPA complex due to 
the low pH (0.1% TFA, pH ca. 1.5) of the LC eluent (data not 
shown). Instead, size-exclusion chromatography (SEC) at 
moderately acidic conditions (pH 4.75) was found to be 
suitable for separating the Gd-complexed constructs (mol. wt. 
6-9 kDa) from free Gd 3 * while retaining the integrity of the 
Gd 3+ -DTPA complex. The SEC technique minimizes acid- 
catalysed release of Gd 3 * as well as the binding of the analytes 
to deprotonated silanol groups of the size-exclusion column 
that can occur at neutral pH. 

Measurement of S as 3 *S* (m/z 31.97207) is compromised 
by the occurrence of an intense isobaric l<5 0 2 * signal (m/z 
31.98983) with a separation of only 17.8 mDa. The medium 
resolution (4000) is sufficient to separate these ions at com- 
parable intensities. However, the usually much larger intensity 
of the l6 02* signal compared to that for "S* means that the 
background level for 32 S* detection is composed of two com- 
ponents: a 32 S* component (true sulfur background) and a 
HO2* component (overlap from the oxygen peak). The situa- 
tion becomes more favourable, as the signal of the sulfur- 
containing increases. Detection of sulfur as S* may represent 
a useful supplement to or alternative for 32 S* detection. 
However, at natural abundance the intensity of the *S* signal 
is about a factor of 25 lower than that for 32 S*. The 
neighbouring l6 O i8 0* peak is separated by only 16.2 mDa 
but its intensity is reduced by a factor of 250 compared to the 
oxygen peak at m/z 31 LC-ICP-MS is characterized by 
continuous monitoring of the background signals compared to 
discrete measurements in a batch procedure, thus resulting in 
an improved tolerance for high background levels. SEC-ICP- 
MS is particularly advantageous in this respect, since isocratic 
clution results in relatively stable background levels. Ftg. 4 
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Rg. 4 SEC-ICP-MS run for co. !0 nmol of the complete DTPA-PNA- 
peptide construct with monitoring of "S*. 34 S + , and ,S7 Od\ The 
largest peak represents the Gd-ccmplcxcd contrast agent A Gd 
saturation of about 55% was calculated from the heights of the 
gadolinium and sulfur peaks. A small amount of free Gd 3 * may result 
in the peak at retention time 1800 s (see Fig. 5 for comparison). 

illustrates the size-exclusion chromatographic separation of the 
complete DTPA-PNA-pcptide construct, where n S, *S and 
157 Gd were monitored on-line by I CP-MS. 

Both the and M S traces can be used for estimation of the 
Gd saturation via SEC-ICP-MS. For this purpose, the sensi- 
tivity factors for the two sulfur isotopes and Gd were deter- 
mined by direct infusion of standard solutions at various 
concentrations under the conditions used for SEC. The sensi- 
tivity factors were calculated from the calibration curves 
established for the corresponding isotopes {R > 0.998 for all 
isotopes). The ratios of the sensitivity factors were 12 .9 for the 
pair ^Gd/^S and 278 for the pair '"Gd/^S, respectively. The 
relationship between of these ratios is 0.0464, which is in good 
agreement with the natural M SP*S isotonic ratio of 0.0452. 41 
Using these factors and the data in Fig. 4, the Gd saturation of 
the contrast agent sample is calculated to be 56% based on the 
"S-trace and 55% based on the "S-trace. 

The Gd saturation can be increased by addition of excess 
Gd**. Fig. 5 shows a SEC-ICP-MS run after incubation of the 
DTPA-PNA-Peptidc contrast agent with excess GdClj over- 
night and without purification before analysis. In this case the 
Gd saturation was determined to be 84%. It is evident from 
Fig. 5, that the resolving power of the size-exclusion column 
was sufficient to separate the Gd-complexed contrast agent 
from free Gd** . For the analysis shown in Fig. 5 co. 80 pmol of 
sample were injected, ie. , an amount that was ca. 150 times less 
than that injected for the analysis shown in Fig. 4. The signal- 
to-noise ratio for the M S* trace in Fig. 5b is only about a factor 
of two lower than that for M S* (Fig. 5a). The much lower 
sensitivity of ^S* compared to 52 S + is compensated to a large 
extent by a reduction in the background at m/z 34. 

Stabuity of the Gd complex and metal exchange 

The final DTPA-PNA-peptide construct was also analysed by 
nanoESI-MS as shown in Fig. 6a. 

One of the most intense signals was identified as the intact 
Gd-complexed contrast agent (C340 H477 N|4a O9S S3 Gd = 
8458.9, calculated average m.w. ; experimental value was 
correct within ± 100 ppm). As was the case for the intermediate 
product, an additional signal for the uncompleted compound 
was also observed (Gd-free compound: Quo H4S0 Ni«s On S3 = 
8304.7, calculated average raw.). As discussed above for Fig. 3, 
the incorporation of Gd results in an increase in the isotope 
pattern width in the deconvoluted spectrum (Fig. 6a). The 
signals for M and M + Gd were accompanied by a single 
+ 16 Da satellite ion, which was assigned to the oxidation 




Hg. 5 SEC-ICP-MS run for ca. 80 pmol of the complete construct 
with monitoring of ^S*, ,4 S*, and ,57 Gd*. Prior to analysis, the 
sample was incubated overnight with an excess of gadolinium chloride, 
(a) Traces for *V and ,57 Gd*; (b) Ms* trace. Gd saturation of the 
contrast agent was calculated to be 84%. The peak representing the Gd* 
lagged contrast agent is followed by a large peak for free Gd 3 *. 

product carrying a methionine sulfoxide. 42 The occurrence of 
only a single +16 Da satellite is in agreement with the 
occurrence of a single methionine in the construct. The two 
other sulfur atoms reside in an S-S bridge which is not as 
readily oxidized. In the nanoESI analysis of the intermediate 
product (see Fig. 2) no + 16 Da satellite was observed, because 
the methionme-containing transport peptide had not yet been 
attached. The assignments of the signals for M and M + Gd 
were further substantiated by incubation of the contrast agent 
with 0.1 M HQ for 1 h. As shown in Fig. 6b, this acid 
treatment increased the signal for M at the expense of the signal 
for M + Gd. The as yet unassigned group of signals for 
intermediate masses were more or less unaffected by this 
treatment. 

To obtain the contrast agent in a more pure form, the raw 
product was subjected to SEC-ICP-MS and the first Gd- 
containing peak was collected and subjected to nanoESI- 
MS. For this purpose the excess solvent was evaporated and 
the lyophilised fraction was redissoived and desalted using RP- 
C l8 micro pipeue tips. The nanoESI spectrum obtained 
(Fig. 6c) shows dearly that (he purity of the isolated fraction 
has been improved (compare with Fig. 6a), particularly in the 
low-mass region. However, the signals for the main com- 
ponents appear at the positions corresponding to the unas- 
signed signals in the raw product spectrum. The characteristic 
doublet (+16 Da difference) at mfz 8358 and at m/z 8374 
indicates the presence of the intact contrast agent camptexed 
with iron instead of gadolinium. The iron adduct may have 
formed via a metal-exchange reaction during lyophilisatton and 
reservation and the metal parts of the HPLC system may be the 
source of Fe 5+ . The hypothesis of metal exchange was tested by 
incubating aliquots of the intact analyte with excess Fed) or 
with excess GdClj, respectively. After desalting, these samples 
were subjected to nanoESI-MS analysis (see Fig. 7). 

After incubation with Fe 3+ (Fig. 7a), only the signal doublet 
corresponding to the iron adduct was detected. In the corres- 
ponding Gd 3 ^-treated sample the Gd adduct was detected as 
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Fig. 6 Comparison of dcconvohited nanoESI spectra of the complete 
construct as shown in Fig. 1; (a) raw product, the most abundant signal 
represents the intact Gd-complexed contrast agent accompanied by a 
minor signal of the uncompleted form: the ion signals marked (♦) 
probably result from the incorporation of other metal tons; (b) raw 
product after incubation with 0.01 M HCJ, the ion signal of the free 
form increased at the expense of the Gd-complexed form; (c) SEC- 
isolated Gd-containing fraction (sec Fig. 4) after ryophilisauon; it 
appears that in the SEC-isolalcd fraction the DTPA module is com- 
pJexcd exclusively with Fe** (marked (•)» see text). 

the main component with a small amount of the remaining 
Fe 3+ adduct (present before incubation, see Fig. 6). Although 
Gd binds very strongly to the DTPA ligand (logX « 22.5**), 
the affinity of iron for DTPA is even higher (log* = 28.0 43 ). 

Thus, acidic conditions and the presence of undesired metal 
ions such as iron with high compiexing capability must be 
avoided during synthesis since these cations may be difficult to 
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Rg. 7 Campa risen of deconvoluted nanoESI signals of the purified 
intact contrast agent following incubation overnight with a ca. 10-fold 
molar excess of Fed} (a) or a ca. 10-fold molar excess of CdQj 
(b). Very little nncomplcxcd species can be detected after these treat- 
ments. The higher stability constant for Fe J *-DTPA vs. Gd ,+ -DTPA 
means that G<P* could not replace Fc 3 * completely (the baseline offset 
between the two spectra was introduced for display purpose only). 

remove once incorporated. The combined use of I CP -MS and 
SEC allows for a reliable determination of the Go* saturation 
since only moderately acidic conditions are used (pH 4.75) 
which have little efTect on complex stability. 

Conclusion 

It has been shown that a complete and reliable characterization 
of a metal-complcxed DTPA-PNA-peptide contrast agent can 
be achieved by the combined use of nanoESI-MS and SEC- 
ICP-MS with confirmation of the organic part of the complex 
and determination of its metal saturation level This novel 
analytical strategy may be generally applicable to the charac- 
terization of mctal-cocriplcxed diagnostic probes, whereby both 
the metal and the organic part can be separately quantified by 
ICP-MS. Mctai-biopolymer complexes with stability constants 
lower than that for Gd-DTPA may also become amenable to 
analysis when the liquid chromatographic separation and the 
electrospray MS analyses can be performed at pH values closer 
to physiological conditions. 

Acknowledgements 

We are indebted to W. E. Hull for linguistic improvements and 
we gratefully acknowledge the support of the Bundesministerium 
fur Bildung und Wissenschaft (Proteomics Program). 

References 

1 R.S.Hoak^V.A.Fassel i aD.Flesh t aJ.Svec,A.L.Grayand 
C. E. Taylor, Anal Chem, 1980, 52, 2283 2289. 

2 Inductively Coupled Plasma Mass Spectrometry, ed. A Montaser, 
Wiley VCH, 1998. 

3 B. Michalke, Ecolox. Environ. Safely, 2003, 56, 122 139. 

4 I. A Caruso and M. Montes-Bayon, Ecolox. Environ. Safety* 
2003, 56, 148 163. 

5 A Prange and D. Schaumldffd, Anal Bloanal Chem, 2002, 373, 
441 453. 

6 W. Maret, J. Anal Ai. Spec from., 2004, 19, IS 19. 

7 J. Szpunar, Anal Bioanal Chart, 2003, 378, 54 56. 



A Sanx-Medel, M. Montes-Bayon and M. L. Fernandez Sanchez, 
Anal BioanaL Chem, 2003, 377, 236 247. 
J. R. Encinar, L. Ouerdane, W. Buchmann, J. Tortajada, 
R. Lobinslri and J. Szpunar, Anal Otem., 2003, 75, 3765 3774. 
S. McShechy, J. Szpunar, R. Morabito and P. Qoevaaviller, 
Trends Anal Chan., 2003, 22, 191 209. 
M Wind, M. Edler, N. JakubowsJri, M. Lwscbdd, H. Wesch and 
W. D. Lcfamann, Anal Chan.. 2001,73, 29 35. 
D. R. Bandura, V. L Boranov and S. D. Tanner, Anal Otem, 
2002, 74, 1497 1502. 

J. S. Becker, S. F. Boulyga, C Pickhardt, J. Becker, S. Buddrus 
and M. Przybylski, Anal Bloanal Otem., 2003, 375. 56J 566. 
E Svuntesson, J. Ptttersson and K. £. Markides, J. Anal At. 
Spectrom, 2002, 17, 491 496. 

M. wind, A Wegener, A. Eisenmenger, R. Keflner and 
W. D. Lehmann, Angew. Otem inL Ed., 2003, 42, 3425 3427. 
R. Simon, J. Tietge, B. Michalke, S. Degitz and K.-W. Schramm, 
Anal Bioanal Chan., 2002, 372, 481 485. 
B-O. Axclsson, M. Jdrntcn-Kartsson, P. Micbefeen and 

F. Abou-Shakra, Rapid Common. Mass Spec from, 2001, IS, 
375 385. 

18 M. Kovacevic, R. Leber, S. D, Kohlwein and W, Goessler.y. Anal 
At Spectrom, 2004, 19. 80 84. 

19 M. Wind, H, Wesch and W. D. Lehmann, Anal Otem.* 2001, 73, 
3006 3010. 

20 C Sicthoff, I. Feldmann, N. laknbowskj and M. Unscbeid, 
J. Mass Spectrom., 1999, 34, 421 426. 

V. I. Baranov, Z, A Qmnn, D. R. Bandura and S. D. Tanner, 
J. Anal. At. Spectrom., 2002, 17, 1148 1152. 
M Wind and W. D. Lehmann, J. Anal At. Spectrom.* 2004. 19. 
20 25. 

M. Montes-Bayon, K. DeNicola and J. A Caruso, J. Chromalogr., 

A, 2003, 1000, 457 476. 

R. Lobinski, H. Chassaigne and J. Szpunar, Talanta, 1998, 46, 
271 289. 

D. Prdfrock, P. Leonhard and A. Prange, Anal Bioanal Chem, 
2003, 377, 132 139. 

A Leber, B. Hemmens, B. Klosch, W. Gocsskr, G. Ruber, 

B. Mayer and K. Schmidt, J. Biol Chem., 1999, 274, 37658 37664. 
D. R. Bandura, O. I. Omatsky and L. Liao, J. Anal At. Spectrom . 
2004, 19, 96 100. 

S. Hann, G. Kodlenspcrger, C. Ohinger, P. G. Furtmullcj and 

G. Sttngedcr, J. Anal. At. Spectrom., 2004, 19, 74 79. 
A Paquet, Can. J. Biockem., 1982, 60, 976 980. 
P. Caravan, J. J. Ellison, T. J. McMuny and R. B. Lauflcr, Chem. 
iter., 1999, 99, 2293 2352. 

W. Micr, R. Eritja, A. Mohammed, U. Haberkoni and 
M. Eisenhut, Attgew. Chem. InL Ed., 2003, 42, 1968 1971. 
S. Heckl, J.Debns, J. Jenne, R. Pipkorn, W. Waldcck, H. Spring, 
R. Rastert, C W. von dcr Lieth and K. Braun, Cancer Bex, 2002. 
62, 7018 7024. 

K. Braun, P. Ptschke, R. Pipkorn, S. Lampel, M. Wachsmuth, 
W. Waldeck, E. Friedrich and J. Debus, J. Mol Biol, 2002. 318, 
237 243. 

R. Pipkorn, W. Waldeck and K. Braun, J. Mol. Becognit., 2003, 
16, 240 247. 

M. Lindgren, M. HalJbrink, A Prochiantz and U. Langel. Trends 
Pharmacol Set, 2000, 21, 99 103. 

D. Derossi, A H. Joliot, G. Chassaing and A Prochiantz, Trends 
CtQ Biol, 1998, ft, 84 87. 
P. Kebarle, J. Mass Spectrom., 2000, 35, 804 817. 
N. B. Cech and C. G. Enke, Anal Otem., 2000, 72, 2717 2723. 
R. Juraschek, T. Dulcks and M. Karas, / Am Soc. Mass 
Spectrom,, 1999, 10, 300 308. 

A Schmidt, M. Karas and T. Dulcks, J. Am Soc Mass Spectrom, 
2003, 14, 492 500. 

IUPAC isotope abundances 1997,hn>7/physfe3jua^^ 

F. M. Lagerwerf, M. vandeWecrt, W. Hecrma and J. Havcrkamp, 
Rapid Commun. Mass Spectrom., 1996, 15, 1905 1910. 
N. von Wiren, S. Klair, S. Bansal, J. F. Briat, H. Khodr, T. Shiori, 
K. A Kleigh and R. C. Hider, Plant Physiol, 1999, 119, 1107 
1114. 



10 



13 



17 



24 



32 



33 



34 

35 

36 

37 
38 
39 



41 



